ABSTRACT The environmentally friendly insulating gas C5-PFK has the potential to replace SF 6 in medium and low voltage gas insulated electrical equipment due to its good environmental performance and insulation strength. However, since C5-PFK molecule has rotatable C-C single bonds, the geometry will change when collided with each other or obtained external energy, which may have an impact on the stability and reactivity of C5-PFK molecule. In this paper, the geometry of C5-PFK molecule is optimized by the density functional theory-B3LYP-D3(BJ) method under the triple-zeta polarization basis set and high convergence criterion. The two C-C bonds connected with the carbonyl group (-C = O-) in C5-PFK molecule are rotated to scan its potential energy surface. Then, we obtained four possible conformers that might exist in C5-PFK molecule. The molecule structure, molecule energy, Mayer bond order, and energy levels (HOMO, LUMO orbital included) of frontier molecular orbital were analyzed to study the four conformers' stability and reactivity, which will pave the way for follow-up research work such as thermostability, transition state, reaction pathways, and adsorption behavior of C5-PFK.
I. INTRODUCTION
With the continuous development of the power industry, the installation of gas-insulated equipment in the power grid system is getting larger, meanwhile, the use of SF 6 is also increasing rapidly. The process of commissioning, overhauling, leaking and recycling of SF 6 gas-insulated equipment will release SF 6 into the atmosphere [1] . The IPCC reported that SF 6 has the largest Global Warming Potential (GWP) value among the greenhouse gases, whose value of 500 years is 32,400. Due to the chemical stability of SF 6 , the residence time in the atmosphere can be 3200 years long [2] . According to incomplete statistics, the SF 6 gas content in the atmosphere has increased by about 20% in the past five years, and nearly 80% of the globally produced SF 6 are used in the power industry [3] , [4] . China is likely to become the largest SF 6 emitter by 2020 as no legal or voluntary agreement supports SF 6 emissions reductions while the country is likely to remain a large producer of equipment for transmission and distribution of electricity [2] . According to the United Nations Framework Convention on Climate
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Change-The Kyoto Protocol, which was enacted in Kyoto, Japan in 1997, clearly stipulated that SF 6 is one of the six greenhouse gases, and requires developed countries that are large emitters of greenhouse gases to take specific measures to limit greenhouse gas emissions [5] . The US, EU, UK and Japanese governments have all worked with power companies to propose a series of measures to reduce greenhouse gas emissions. California has proposed reducing the use of SF 6 in the electrical sector year by year from 2020. The EU plans to reduce SF 6 to 2/3 in 2014 by 2030 [6] . The content of SF 6 gas in the atmosphere increases at a rate of 8.7% per year. So far, SF 6 gas has accounted for more than 15% of the total greenhouse gas emissions [7] , so it is urgent task to look for an environmentally friendly alternative to SF 6 as an insulating medium for electrical gas-insulated equipment for long-term environmental protection considerations [8] .
At present, the exploration of new environmentally friendly insulating gas has become a research hotspot of scholars for more than a decade [4] , [9] , [10] . ABB Company put forward the application prospect of perfluoroketone insulating gas (C n F 2n O) in electrical equipment. The C5-perfluoroketone insulating medium C 5 F 10 O is non-combustible, non-explosive and non-toxic, and its GWP value is close to 1, the Ozone Depletion Potential (ODP) is 0, and the dielectric strength is about twice that of pure SF 6 gas [11] , [12] . Although C5-PFK has excellent performance in insulation and environmental protection, its liquefaction temperature is as high as 26.9 • C. It cannot be used alone, which needs to be mixed with a low liquefaction temperature buffer gas such as CO 2 , N 2 , Air, etc. to prevent its liquefaction.
The structural formula of C5-PFK molecule is shown in Fig. 1 There are five carbon atoms in the molecule, and the carbonyl group (-C = O-) is bonded to the trifluoromethyl group (CF 3 ·) and the heptafluoroisopropyl group (C 3 F 7 ·) at both ends. Because there are several C-C single bonds in the C5-PFK molecule structure, when the C5-PFK molecule is collided with each other or obtained external energy, the C-C single bond may rotate, which produces a different arrangement of each atom or group of the molecule in the space, that is the conformer for a molecule. Different conformers of C5-PFK molecule may exhibit different physical and chemical properties, or exhibits different reactivity during the reaction [13] - [19] .
The molecule energy and structure of different conformers of C5-PFK molecule differ, which lead to the difference of required energy for decomposition during discharge or heating, and may also affect the transition state and decomposition pathway to some extent [20] - [22] . When C5-PFK molecule participates in the adsorption or chemical reactions on solid (metal materials or organic insulating material) surfaces, the C5-PFK conformers have different range of molecular frontier orbitals or adsorption site, which may influence the reaction mechanism between the gas-solid interface [23] - [25] . Therefore, conformation analysis of C5-PFK molecule has certain guiding significance for its further study.
II. METHODS
Quantum chemical calculation is a powerful tool for theoretical analysis of chemical reactions. Due to the superiority of Density Functional Theory (DFT) in terms of calculation amount and accuracy, it has been widely used in theoretical chemistry. The simulation research and analysis in this paper are carried out on the Amsterdam Modeling Suite (AMS). The ADF module is provided in the AMS platform [26] - [28] , which can be used for the DFT calculation in aperiodic systems (molecules, clusters, etc.). Many previous studies [20] , [29] - [33] have shown that, the exchange-correlation functionals Hybrid:B3LYP method is very suitable for the DFT calculating of C/O/F element system. Compared with other DFT methods, Hybrid:B3LYP has high precision and low computational cost simultaneously, and the obtained characteristics of the molecular ground state are approximate. It is generally accepted within the error range to calculate the optimized geometric data based on Hybrid:B3LYP method. Therefore, it is feasible to use the approximation to calculate other properties of the molecule and the chemical reaction of the system. However, the calculated result for a system dominated by dispersion (such as physical adsorption, macromolecular conformation, weak polar molecular clusters, etc.) can not be described precisely using the Hybrid:B3LYP method. The most effective way to describe the dispersion effect is to introduce the empirical dispersion correction term DFT-D3 [34] . Later, Tao J found that the use of Becke-Johnson damping with a clearer physical meaning can make the results a little better, and the advantage of describing the intramolecular dispersion is more significant, that is often referred to as DFT-D3(BJ) [35] .
In this paper, the molecule conformation analysis of environmentally friendly insulating gas C5-PFK was carried out to study the relationship between the geometry and energy of different conformers. Firstly, use Hybrid:B3LYP-D3(BJ) method, Triple-Zeta-P basis set and high convergence standard to optimize the geometry of C5-PFK molecules to obtain the most stable configuration which has the lowest energy. Secondly, the potential energy surface is scanned by rotating the dihedral on the C-C single bonds at both ends of the central carbonyl group (-C = O-). Thirdly, obtain the relatively stable C5-PFK conformers from the corresponding relationship between molecular energy and molecule structure. At last, study the Mayer bond order, energy-levels of frontier molecular orbital and molecule energy. The C5-PFK molecule structure generated by the rotation of the radical group around the C-C single bond can be mutually transformed. Only the stable molecule structures with locally lowest energy at the low points of the potential energy surface can be called conformers. From Fig. 3 , we can see that, the energy change of the trifluoromethyl (CF 3 ·) and heptafluoroisopropyl groups (C 3 F 7 ·) rotation around the C-C single bond in C5-PFK molecule exhibit a certain periodicity or symmetry. In order to reduce the simulation computation time, the F 1 -C 1 -C 2 -O dihedral rotation range is from −60 • to 60 • , and the F 4 -C 3 -C 2 -O rotation range is from 0 • to 180 • when scanning for the potential energy surface of C5-PFK molecule.
III. RESULTS

A. POTENTIAL ENERGY SURFACE SCAN
Four low points of energy are selected from the potential energy surface as shown in Fig. 4 , where the corresponding molecule structures are intercepted, named C-0, C-1, C-2, C-3. The four molecule structures' frequency is scanned, whose results show that these vibration frequency of four configurations is all positive, so it can be judged that the configurations corresponding to C-0, C-1, C-2, C-3 is the stable point on the potential energy surface, that are four conformers of C5-PFK molecule. Table 1 gives the bond lengths and dihedrals and Fig. 5 shows the view of the C5-PFK conformer along the three axes of X, Y and Z. C-0 conformer is the most stable configuration with lowest energy of C5-PFK melocule. From the perspective of bond length, C-0 conformer's C 2 -C 3 bond is 0.02 Å shorter than the others, while the C 2 =O is only 0.002 Å longer than the others. From the perspective of bond dihedral, in C-3 conformer, the trifluoromethyl group (CF 3 ·) is rotated by 60 • and the heptafluoroisopropyl group (C 3 F 7 ·) is rotated by 180 • compared to C-0 conformer. The C-F bond on the trifluoromethyl group (CF 3 ·) in C-0 conformer appears to be two long and one short, while the C-F bond lengths in C-3 conformer are similar. The C 3 -F 4 bond in C-0 conformer's heptafluoroisopropyl group (C 3 F 7 ·) is about 0.007 Å longer than the others. The two trifluoromethyl groups (CF 3 ·) of heptafluoroisopropyl group (C 3 F 7 ·) have a similar configuration and are bilateral symmetrical. According to the view along the Y and Z axes, the F 1 -C 1 -C 2 -O dihedrals of the C-1 conformer and C-2 conformer are −27.9 • and 26.9 • , the F 4 -C 3 -C 2 -O dihedrals are −3.3 • and 3.4 • , respectively. The trifluoromethyl groups (CF 3 ·) attached to C 4 and C 5 atoms are also similar to each other and approximately mirror symmetrical.
B. FRONTIER MOLECULAR ORBITAL ANALYSIS 1) MAYER BOND ORDER
The bond order is a value in the molecular orbital method that indicates the bonding strength of two adjacent atoms. When a covalent bond is formed, the electrons in the bonding orbital are called bonding electrons, which reduce the energy of the system and help to form a stable bond. In general, the higher the bond order, the more stable the bond. On the contrary, the smaller the bond order, the larger the bond length [36] .
The Mayer bond order within the four C5-PFK conformers are listed in Table 2 . From an overall perspective, in four conformers, the C 2 = O bond has the highest Mayer bond order; the C-C bond is the secondary, wherein C 2 -C 3 is lower than the other C-C bonds; the C-F bond in the trifluoromethyl group (CF 3 ·) comes next; and the C 3 -F 4 bond has the lowest Mayer bond order. Because the C 1 and C 3 atoms are directly VOLUME 7, 2019 FIGURE 6. HOMO and LUMO wave function of four conformers, red and orange represents positive phase, blue and green represents negative phase.
attached to the carbonyl group (-C = O-), they are weaker than the C-C bonds in heptafluoroisopropyl group (C 3 F 7 ·). Due to the effect of trifluoromethyl groups (CF 3 ·) attached to the C 3 atom, which exhibit a more active reactivity, the C 2 -C 3 and C 3 -F 4 bonds are subjected. So the Mayer bond order of C 2 -C 3 bond is the smallest in C-C bonds, and the Mayer bond order of C 3 -F 4 bond is much smaller than other C-F bonds.
Since the molecule structure of C-0 conformer is relatively stable, its Mayer bond order of C 1 -C 2 bond is about 0.01 lower than the other three; and the C 2 -C 3 bond is about 0.0005 higher than C-1 conformer and C-2 conformer, and 0.002 higher than C-3 conformer; its C 3 -C 4 bond and C 3 -C 5 bond are about 0.01 higher than the other three; C-0 conformer has the highest Mayer bond order of C 2 = O bond, which is 0.004 higher than C-1 conformer and C-2 conformer, and 0.014 higher than C-3. The Mayer bond order of C 3 -F 4 bonds in C-0 conformer and C-3 conformer are close, are 0.005 lower than C-1 conformer and C-2 conformer. The Mayer bond order of C 1 -C 2 , C 2 -C 3 , C 2 = O bonds are similar in C-1 conformer and C-2 conformer. Since the molecule structure is approximately bilaterally symmetric, the Mayer bond order of C 3 -C 4 bond and C 3 -C 5 bond, C 1 -F 1 bond and C 1 -F 2 bond, C-F bonds in the C 4 and C 5 trifluoromethyl groups (CF 3 ·) are approximately equal.
2) MOLECULAR ORBITAL
Frontier molecular orbital theory believes that there are electrons in the molecule similar to the ''valence electrons'' of a single atom. The Highest Occupied Molecular Orbital (HOMO) of a molecule is relatively loose in its electron binding, and has the property of an electron donor. The negative value of the HOMO level represents the ionization energy of the substance. The higher the HOMO level, the lower the ionization energy, indicating that the molecule is more likely to lose electrons. Whereas, the Lowest Unoccupied Molecular Orbital (LUMO) has a stronger affinity for electrons, which shows the property of having an electron acceptor. The lower the LUMO level, indicating that the molecule is more likely to get electrons. These two molecular orbital determine the electron gain, loss and transfer ability of the molecule, so the frontier molecular orbital and its electrons play a key role in the chemistry reaction between molecules [37] . Fig. 6 shows the phase of the frontier molecular orbital wave function in the four conformers of C5-PFK, indicating the electron distribution state of the frontier molecular. The size of the shadow reflects the probability density of electrons appearing in the area. The larger the shadow, the greater the probability that electrons appear in the area. The HOMO wave function is mainly distributed in the The LUMO energy of C-0 conformer and C-3 conformer is around −0.7eV, which is about 0.07eV lower than C-1 conformer and C-2 conformer. The the lower energy indicates that the C-0 conformer and C-3 conformer are easier to gain electron. The HOMO energy of the C-0 conformer is about 0.05eV higher than the other three, and its ionization energy is lower, which makes it easier to lose electrons. The HOMO-LUMO energy gap reflects the ability of electrons to transition from occupied orbital to an empty orbit, so to some extent, it can represent the molecule's ability to participate in chemical reactions [38] . The larger the HOMO-LUMO energy gap value, the less likely the electronic transition is to occur, and the more stable molecule is. It can be seen that the HOMO-LUMO energy gap of C-0 conformer is the largest, C-1, C-2 come next, and C-3 is the smallest. Therefore, the C-3 conformer has a relatively strong ability to participate in the reaction, while C-0 conformer is more stable. 
C. ENERGY DECOMPOSITION ANALYSIS
Energy decomposition is an important part of quantum chemical analysis methods. It can decompose the total interaction energy among fragments into physical energy terms to investigate the nature of interactions [39] . In this paper, the total energy of C5-PFK molecule is roughly divided into kinetic energy and potential energy. The kinetic energy includes the internal vibration of molecule. The potential energy includes nuclear repulsion energy, Coulomb energy and exchangecorrelation energy.
Compared to other conformers, the C-0 conformer's configuration is more symmetrical, so its nuclear repulsion energy and coulomb energy are the smallest. But C-1 conformer and C-2 conformer has a relatively compact molecule structure, so their nuclear repulsion energy and coulomb energy are the largest. However, the exchange-correlation energy of four conformers is similar. Therefore, when the nuclear repulsion energy and the Coulomb energy are offset, the potential energy difference of four conformers is reduced. The potential energy is sorted from high to low as C-2, C-1, C-3, C-0. The kinetic energy of four conformers is similar, the order from high to low is C-3, C-0, C-1, C-2. The C-0 conformer has a total energy of −1264.2048 Hartree, which is the lowest. The total energy of the C-1 conformer is −1264.1990 Hartree, which is 0.0058 Hartree higher than C-0 conformer; the total energy of the C-2 conformer is −1264.1985 Hartree, which is 0.0063 Hartree higher than C-0; the total energy of the C-3 conformer is −1264.1970 Hartree, which is 0.0078 Hartree higher than C-0. The total energy is ordered from high to low as C-3, C-2, C-1, C-0.
IV. DISCUSSION
In this paper, four possible conformers are obtained by rotating around the single C-C bond attached to the carbonyl group (-C = C-) in the C5-PFK molecule. The C-C bond angle is also variable in C5-PFK molecule. Limited to the computation amount, and due to the structural symmetry of the C5-PFK molecule, all possible conformers are not analyzed and studied in this paper, so the potential energy surface scanning is only part of the most possible conformers.
The Mayer bond of the four conformers can reflect the bond strength of each bond in C5-PFK, which can be used to study the stability and decomposition pathways of C5-PFK insulating gas in the fault state of overheating or discharging in gas-insulated equipment in the future work. The HOMO and LUMO energy in the frontier molecular orbit can reflect its ability to lose and acquire electrons, and the range and phase of wave function will affect the overlap degree of molecular orbital interactions. Then HOMO-LUMO gap can judge the activity of different C5-PFK conformers' participation in the reaction. Through these information, the reaction mechanism of C5-PFK with other carrier gases or impurity gases, and the physical adsorption or chemical reaction on the interface of metals or organic solids can be studied in later studies. The energy decomposition analysis of different conformers can be used for the further study of the difficulty and reaction rate of C5-PFK decomposition reaction.
V. CONCLUSION
In this paper, four possible conformers of C5-PFK molecule were obtained by rotating the F 1 -C 1 -C 2 -O and F 4 -C 3 -C 2 -O dihedrals. These four conformers' molecule VOLUME 7, 2019 structure are analyzed on the bond length and dihedral for the atomic distribution and symmetry. In the C-0 conformer as the most stable molecule structure, the Mayer bond of C 1 -C 2 bond is much smaller than the other three conformers, C 3 -F 4 bond is smaller, C 2 -C 3 bond is larger, C 3 -C 4 and C 3 -C 5 bonds are much larger. The Mayer bond order of C-1 conformer and C-2 conformer are mirror symmetrical, which is similar with their molecule structure. The Mayer bond order of C 2 -C 3 , C 3 -F 4 , C 2 = O bonds in C-3 conformer are smaller than the other three. According to the frontier molecular orbital analysis, the reactivity from high to low of the four conformers are C-3, C-2, C-1, C-0, wherein the reactivity of C-1 conformer and C-2 conformer are similar. The molecular energy analysis obtained the stability of the four conformers from high to low as C-0, C-1, C-2, C-3.
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